reflecting a temporal link between early extension at a high structural level and the end of the ignimbrite flare-up. These strata are cut by east-west-striking normal faults, which are exposed along, and parallel to, the northern margin of the metamorphic complex. Available age data (e.g., between 14.93 ± 0.08 and 34.79 ± 0.18 Ma) permit the interpretation that the east-weststriking faults formed at the same time as, or after, large-magnitude unroofing of highgrade rocks. We interpret the east-weststriking faults to accommodate differential uplift of greenschist-grade metamorphic rocks in the upper crust, above a lateral ramp in a west-northwest-directed mylonitic shear zone. Subsequent extension in the Windermere Hills is defined by deep, rapidly filled half grabens of middle Miocene (<7.42 ± 2.0 to 14.93 ± 0.08 Ma) age that unconformably overlie older faults and synextensional deposits. These are the youngest half grabens in the region and are inferred to be initiated by extensional stresses imparted to the base of the lithosphere by a laterally spreading mantle plume (e.g., the Yellowstone hotspot) located in southeastern Oregon at this time.
INTRODUCTION

Geologic Setting
Late Mesozoic and Tertiary extension in the Basin and Range province of the North American Cordillera is increasingly recognized as being polyphase in nature (Hodges et al., 1992; McGrew and Snee, 1994) and developed under a number of separate tectonic settings. For northeast Nevada, these settings include (1) overthickened crust in the hinterland of the Sevier belt (Wells et al., 1990; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997) , (2) highly thinned extensional corridors often associated with voluminous outpourings of calcalkaline volcanic rocks (e.g., metamorphic core complexes; Lipman et al., 1972; Snoke and Miller, 1988; Gans et al., 1989) , and (3) a mantle plume, or hotspot, the track of which is marked by the Snake River Plain, the Intermountain seismic belt and the Yellowstone geothermal area (Pierce and Morgan, 1992) .
These tectonic settings influence the extensional history of the northern Basin and Range province as extensional strain rates and heat flow varies with time (e.g., Zoback et al., 1981; Eaton, 1984) . The timing, structural style, and magnitude of brittle normal fault systems in the upper crust in northern Nevada is therefore a product of differing mechanisms that drive extension. The Windermere Hills are an ideal location to document and compare the relative significance of these extensional processes because (1) the region is located where normal faults are formed under all the settings discussed here, (2) synextensional volcanic rocks are widely exposed, allowing the timing of half-graben infilling to be determined, and (3) related processes that affect this region, such as exhumation and plastic flow of high-grade rocks in the core of an adjacent metamorphic complex, development of major thrust faults in the Sevier belt, and volcanism in the Snake River Plain, have been defined and dated.
In northeast Nevada, the highly exhumed rocks in the Ruby Mountains, East Humboldt Range, Wood Hills, Pequop Mountains, and southern Windermere Hills (Fig. 1 ) define a region referred to herein as the "metamorphic complex" (Snoke and Lush, 1984; Snoke and Miller, 1988; Snoke et al., 1990; Mueller and Snoke, 1993; Camilleri and Chamberlain, 1997) , one of a number of regions labeled Cordilleran metamorphic core complexes (Coney, 1980; Armstrong, 1982) . Detailed field mapping and geochronologic and geochemical studies of the most highly exhumed portions of the metamorphic complex indicate a protracted, complex history of Jurassic to Miocene deformation, metamorphism and magmatism (Howard, 1966; Thorman and Snee, 1988; Snoke et al., 1990; Hudec, 1992; Wright and Snoke, 1993; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997; MacCready et al., 1997) .
The deepest exhumed rocks, now exposed in the East Humboldt Range, northern Ruby Mountains, and Wood Hills, record Mesozoic and early Tertiary folding and thrust faulting in the middle crust prior to and during highmagnitude extension. The Windermere Hills and northernmost Pequop Mountains, however, expose an upper-crustal level that is now removed from above these high-grade rocks to the south (Fig. 1) . Because the extensional fault systems responsible for this unroofing (Mueller and Snoke, 1993 ) define a broad, north-plunging arch (Fig. 1) , the Windermere Hills and northern Pequop Mountains effectively expose a natural oblique cross section of the upper 14 km of crust in the metamorphic complex. Age dating of volcanic strata deposited in extensional basins in the Windermere Hills thus allows the chronology of brittle extensional deformation to be defined in the upper crust. We compare this chronology to the timing of Tertiary cooling and decompression of high-grade rocks in the metamorphic complex as well as to volcanism in the adjacent Snake River Plain (e.g., Dallmeyer et al., 1986; Dokka et al., 1986; Thorman and Snee, 1988; Snoke et al., 1990; Hodges et al., 1992; Pierce and Morgan, 1992; Mueller and Snoke, 1993; Wright and Snoke, 1993; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997; MacCready et al., 1997) .
Methods
The Windermere Hills and northwestern Pequop Mountains were mapped at a scale of 1:24 000 and integrated with a regional study of extensional fault systems in adjacent areas ( Fig. 1 ; Mueller, 1993; Mueller and Snoke, 1993) . Reconstruction of geologic structures was based on this mapping (Mueller, 1993) and earlier work by Oversby (1972) and Thorman (in Coats, 1987) . Synextensional Tertiary volcanic rocks were dated using the 40 Ar/ 39 Ar and fission-track dating techniques and by chemical correlation of tephra from other well-dated sections in the northern Basin and Range province. We used 40 Ar/ 39 Ar methods wherever volcanic rocks with suitable phenocryst assemblages were present, commonly from a suite of calc-alkaline ash-flow tuffs and lavas. Zircon fission-track ages were determined from nonreworked, vitric air-fall tuffs. Other fission-track ages were completed on detrital zircon grains in reworked tuffaceous sandstones from Tertiary sections where primary air-fall deposits were not preserved. Mineral separations and fission-track dating were completed at the University of Wyoming. The 40 Ar/ 39 Ar dating was completed at the U.S. Geological Survey in Denver, Colorado. Chemical analyses of glass separates of selected tephra were completed at the University of Utah, where they were compared with analyses of other well-dated Tertiary sections in northern Nevada (e.g., Perkins et al., 1995 Perkins et al., , 1998 .
STRATIGRAPHY Paleozoic and Mesozoic Strata
Paleozoic and Mesozoic strata exposed in the Windermere Hills and northern Pequop Mountains range in age from Ordovician to Triassic (Oversby, 1972) and provide a framework that has allowed reconstruction of Tertiary extensional faulting (Fig. 2; Mueller, 1993; Mueller and Snoke, 1993) . The sequence of Paleozoic strata in the study area has been both repeated across a major Mesozoic thrust fault and subsequently omitted across Tertiary normal faults (Fig. 2) . Reconstruction of the upper 14 km of crust cut by normal faults systems has thus relied on both the original stratigraphic sequence prior to Mesozoic shortening and metamorphic grade defined by conodont alteration indices (Mueller and Snoke, 1993) .
The deepest exhumed rocks exposed in the Windermere Hills are located near Wells Peak (Fig. 3) , where protoliths of Devonian Guilmette Limestone (Dg), Mississippian Chainman Shale (Mc) and Diamond Peak (Mdp) Formation and Pennsylvanian Ely (Pe) Limestone have been metamorphosed into greenschist-grade calcite marble, metasandstone, slate, and metaconglomerate. These rocks mark the northernmost exposures of metamorphic rocks in the complex and are separated from unmetamorphosed Ordovician-Devonian strata to the north across a northdipping normal fault ( Fig. 3 ; Mueller and Snoke, 1993) . Overlying Paleozoic strata consist of Permian rocks of the Park City Group, including the Pequop formation, Kaibab Limestone, and Murdock Mountain Formations, the Gerster Limestone, and the Meade Peak Member of the Phosphoria Formation. These strata are exposed in the northern Pequop Mountains and southern Windermere Hills (Figs. 3 and 4) where they are inferred to be overlain by a major, large-displacement thrust. This thrust is largely inferred from an older-over-younger relationship mapped in the northern Pequop Mountains, where Ordovician Fish Haven Dolomite and Eureka Quartzite lie in low-angle normal fault contact with Permian Park City Group rocks (Fig. 4) . Strata in the hanging wall of the thrust range in age from the Ordovician Pogonip Group to Mississippian Tripon Pass Limestone.
Tertiary Stratigraphy
Tertiary volcanic rocks, deposited in half grabens, constrain the timing of upper-crustal thinning along the northern margin of the metamorphic complex. These strata are best exposed in the eastern Windermere Hills and northern Pequop Mountains, where they provide important constraints on three discrete episodes of halfgraben development and upper-crustal extension in the region (Figs. 3 and 4) .
Eocene-Oligocene Calc-Alkaline Volcanic Rocks (Units Tdf, Tdd, and Tdc). Late Eocene to Oligocene (ca. 29 and 43 Ma) calc-alkaline magmatism was widespread in northeastern Nevada (Stewart and Carlson, 1978; Solomon et al., 1979; Izett, 1981; Gans et al., 1989; Snoke, 1986, 1993; Brooks et al., 1995) . Late Eocene volcanic rocks are exposed in tilted blocks in the eastern Windermere Hills, where they aid in reconstruction of highly extended Tertiary basins (Figs. 3 and 4; Mueller and Snoke, 1993 In the Windermere Hills, the calc-alkaline volcanic sequence is dominantly composed of rhyolitic ash-flow tuff with well-developed eutaxitic structure; typical phenocryst assemblages include biotite, plagioclase, and resorbed quartz. Hornblende-rich trachyandesite flow breccias (e.g., Le Bas et al., 1986) interbedded with volcaniclastic conglomerate overlie these strata. Other flow units include a distinctive green dacite lava flow and lithic-rich rhyolitic ash-flow tuff. Phenocrysts in these rocks include quartz, plagioclase, sanidine, biotite, and hornblende. Volcanic rocks of similar composition and stratigraphic position are exposed in the Pequop Mountains and southern Snake Mountains (Brooks et al., 1995) and the East Humboldt Range (Snoke, unpublished mapping) . An incomplete section of the calc-alkaline volcanic sequence exposed in the eastern Windermere Hills along Lower Deadman Creek is about 270 m thick.
Early Oligocene Synextensional Strata. Early Oligocene alluvial and lacustrine sediments are exposed in a west-tilted half graben in the eastern Windermere Hills and consist of volcaniclastic conglomerate, sandstone, and siltstone (Fig. 3) . These strata are informally termed the conglomerate of Deadman Creek (Tdc), sandstone of Deadman Creek (Tdsa), and siltstone of Deadman Creek (Tdsi). This sequence conformably overlies, and is intercalated with, andesitic flows from the uppermost section of the late Eocene calc-alkaline magmatic suite in Lower Deadman Creek canyon (lower part of unit Tdc; Mueller, 1992 Mueller, , 1993 Figs. 3 and 4, Table 1 ).
Conglomerate in unit Tdc exposed at the base of the early Oligocene sequence contains clasts of older late Eocene volcanic rocks, and a few cobbles of the underlying Triassic Thaynes Formation. Unit Tdc thickens abruptly from east to west from beds less than 10 m thick in Lower Deadman Creek canyon to a minimum of 375 m measured across a well-exposed hogback located 2 km to the northwest (Fig. 3) . The Oligocene sequence (e.g., units Tdc, Tdsa, Tdsi) is not preserved west of an east-dipping normal fault that extends for ~8 km along the eastern flank of the Windermere Hills. Here, the Tertiary sequence consists of younger Miocene strata that unconformably overlie the middle portion of the late Eocene calc-alkaline volcanic sequence. (Camilleri and Chamberlain, 1997) . Strata now exposed in the northern Windermere Hills make up a 9-km-thick thrust sheet, which overlies another sheet of unknown thickness in the northern Snake Mountains (see Fig. 8 Other well-dated strata of probable Oligocene age are exposed as a sequence of megabreccia encased in lacustrine deposits in the northern East Humboldt Range (Snoke et al., 1983; Good et al., 1995) . These strata are the base of a stratigraphic sequence that fills an east-tilted half graben formed in the hanging wall of the westrooted Mary's River fault system (Mueller and Snoke, 1993) .
Lower Part of the Humboldt Formation. Sedimentary strata of the lower Humboldt Formation (e.g., Sharp, 1939; Van Houten, 1956; Snoke et al., 1983) are exposed in a restricted area in the northernmost Pequop Mountains (Fig. 3) . The name "lower Humboldt Formation" is used in accordance with Snoke et al. (1983) , who defined these rocks as immediately underlying widespread middle Miocene rhyolitic strata exposed in the northern East Humboldt Range and surrounding areas. The section of lower Humboldt Formation exposed in the northern Pequop Mountains, unit Thc, is composed of ~900 m of conglomerate, laminated siltstone, and sandstone preserved in a south-tilted half graben bounded by a northdipping normal fault (Figs. 3, 4 , and 5). The sequence is unconformably above Oligocene sedimentary strata of unit Tdsi and beneath middle Miocene vitric ash deposits. These deposits (unit Thc) are important because they fill a south-tilted half graben that records upper crustal stretching in a direction perpendicular to other earlier and later episodes of Tertiary extension.
Upper Part of the Humboldt Formation. Middle Miocene strata exposed in the Windermere Hills make up the upper Humboldt Formation, here termed Tha, which fill 1-3 km deep half grabens. These sedimentary deposits are exposed along (1) the northern and northwestern Pequop Mountains ( Fig. 1 ; see Holborn and Pequop Siding sections in Fig. 5 ), (2) the Toano basin, east of the Windermere Hills (Fig. 1) , and (3) the Mary's River basin, located to the west ( Fig. 1 ; Robison, 1983; Mueller and Snoke, 1993) . The most striking aspect of these deposits is the abundance of glassy air-fall tuff, derived from the McDermitt, Owyhee-Humboldt, and Bruneau-Jarbidge eruptive centers in the nearby Snake River Plain (Pierce and Morgan, 1992; Smith et al., 1994; Perkins et al., 1995) . These strata are correlative to Van Houten's (1956) "vitric ash unit" of the upper Humboldt Formation.
The base of the upper part of the Humboldt Formation is exposed along the northwest flank of the Pequop Mountains and at the southern end of Toano Basin near Pequop Siding (Fig. 3) . The upper Humboldt Formation in these sections is notable for its abundant ash beds that are often tens of meters in thickness and consist nearly entirely of unweathered glass shards.
Sedimentary deposits that compose stratigraphically higher parts of the upper Humboldt Formation are exposed along the canyon walls of upper Medicine Creek, Thurston Draw, and Hunter Draw along the eastern flank of the Windermere Hills (see Hunter Draw sections in Fig. 5 ). These deposits are west-dipping tuffaceous sandstone and siltstone, here termed units Thsa and Thsi (Figs. 3 and 4), which do not contain recognizable glass in hand samples. In these areas Thsa and Thsi unconformably overlie conglomerate of unit Tdd, a rhyolitic ash-fall tuff and a dacitic lava flow of the late Eocene calc-alkaline volcanic sequence (Fig. 3) . A section measured in Deadman Creek suggests that units Thsa and Thsi exceed 490 m in thickness.
CHRONOLOGY OF SYNEXTENSIONAL STRATA
Geochronology and petrologic studies of high-grade metamorphic rocks from the East Humboldt Range, Ruby Mountains, Wood Hills, and central Pequop Mountains suggest that unroofing of rocks south of the Windermere Hills occurred during several periods of Tertiary extension (Dallmeyer et al., 1986; Dokka et al., 1986; Wright and Snoke, 1986; Thorman and Snee, 1988; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997) . Early decompression and cooling of amphibolite grade rocks through the 550 °C isotherm at high structural levels in the East Humboldt Range occurred between 49 and 63 Ma (McGrew and Snee, 1994) ; deeper levels in this region were subsequently very rapidly cooled between 29 and 36 Ma (Dallmeyer et al., 1986; Dokka et al., 1986) . Dating of Tertiary volcanic rocks completed for this study also suggest polyphase extension and point to synchronous movement on the Black Mountain fault system during the Oligocene along the northern margin of the metamorphic complex. 
South-Tilted Basin Section
Angular Unconformity 
Analytical Methods
Isotopic age determinations were completed using several methods to confirm and quantify the complex chronology of extensional faulting defined by geologic mapping. These included nine 40 Ar/ 39 Ar analyses of sanidine, biotite, and hornblende separates from ash-flow tuff, flow breccia and air-fall tuff using the step-heating method. We completed fission-track age determinations on 13 zircon separates from both primary and reworked air-fall tuffs. Selected air-fall tuffs were also chemically analyzed and correlated with other welldated tephra from Tertiary sections located in the northern Great Basin (Perkins et al., 1995 (Perkins et al., , 1998 .
Dateable deposits were identified in half grabens developed above the Black Mountain fault system, the Holborn fault and younger eastdipping listric normal faults. Volcanic strata dated by the 40 Ar/ 39 Ar method are exposed in westtilted fault blocks on the eastern flank of the Windermere Hills, particularly in a section exposed along the northern wall of Lower Deadman Creek Canyon (Fig. 3) . The ages of strata deposited in younger half grabens were determined using fission-track and tephrochronology methods. The age of south-tilted strata exposed in the northern Pequop Mountains was less well constrained through bracketing by younger and older strata (Fig. 3) .
Samples for 40 Ar/ 39 Ar dating were collected from rhyolitic ash-fall tuffs, dacitic lava flows, andesite flow breccias, and air-fall tuffs that contained biotite, hornblende and sanidine phenocrysts. Samples from the outcrops with the least altered phenocryst assemblages and an absence of lithic fragments were collected in an effort to avoid problems associated with argon recoil and sample contamination. Sample preparation and analytical procedures for age-dating methods are described in Appendix 1.
Fission-track age determinations were completed on air-fall tuffs and tuffaceous sandstones interbedded with lacustrine sediments. This technique was used due to the absence of potassiumbearing minerals in these strata, which would have otherwise been dated using the more precise 40 Ar/ 39 Ar method.
Chemical analyses of selected air-fall tuffs dated by the fission-track method were also completed to provide an independent assessment of the ages of these tephra. Glass separates from tephra were analyzed to determine the concentration of a suite of major, minor, and trace elements using electron microprobe microanalyses and X-ray fluorescence (XRF; wave length dispersive) techniques. The resulting analyses were compared with a library of more than 800 analyses of glasses from post-early Miocene tephra of the western interior of the United States (e.g., Perkins et al., 1995 Perkins et al., , 1998 to define both the age and source regions of the air-fall deposits. XRF analyses and their estimated ages of selected tephra from the Windermere Hills are given in Table 2 .
Ar/ 39 Ar Results
The oldest Tertiary deposits exposed in the Windermere Hills and adjacent parts of the metamorphic complex consist of the calc-alkaline volcanic sequence, which is related to broadly synchronous volcanism throughout the eastern Great Basin (Lipman et al., 1972; Gans et al., 1989; Brooks et al., 1995) . In the Deadman and Medicine Creek areas of the Windermere Hills (Mueller, 1993; Figs. 3, 4, and 5) , the upper portion of the calc-alkaline sequence is interbedded with volcaniclastic sediments of unit Tdc deposited in a west-tilted half graben. 40 Ar/ 39 Ar ages were determined for seven samples of porphyritic ash-flow tuff, flow breccia, and lava in the calc-alkaline volcanic sequence; two other analyses were completed on sanidine and biotite separates from a fallout tuff interbedded in the upper portion of the Oligocene section (unit Tdsi) exposed in Lower Deadman Creek (Figs. 5 and 6; Tables 1 and 3 ).
The base of the calc-alkaline sequence unconformably overlies the Triassic Thaynes Formation(T Rt) in the northeast corner of the mapped area (Fig. 3) . The 40 Ar/ 39 Ar dating of a porphyritic ash-flow tuff of rhyolitic composition in this location (sample WC-1, Figs. 5 and 7; Tables  1 and 3 ) yielded a statistical plateau of 40.38 ± 0.06 Ma after lower temperature steps indicative of argon loss. We regard this as the age of the base of the calc-alkaline volcanic sequence in the Windermere Hills, which is slightly younger than the base of the sequence determined in surrounding ranges (Brooks et al., 1995) .
Additional ash-flow tuffs and flow units higher in the calc-alkaline sequence were dated to test correlations of sections of Tertiary strata repeated across fault blocks. A rhyolitic ash-flow tuff contained in unit Tdf (sample HOL-5) yielded a plateau age of 37.85 ± 0.07 Ma ( Fig. 6 ; Tables 1  and 3 ). The age of the sample does not correspond, however, to its stratigraphic position between other dated ashflow tuff and flow-breccia horizons (e.g., samples WC-1 and W-6). Detailed remapping in the region did not indicate repetition along a previously unidentified fault or nearby intrusions. Microscopic examination of thin sections indicated the presence of patchy, perthitic alteration in sanidine phenocrysts in the HOL-5 sample. We therefore interpret the apparent age of the rhyolitic ashflow tuff to be younger than expected based on the alteration of sanidine apparent in the sample and the ages of tuffs located stratigraphically above and below the unit.
A widespread dacitic lava flow (unit Tdd; Figs. 3 and 5) that overlies unit Tdf throughout the study area was dated by analysis of samples WC-13 and WC-6 to establish its age and correlation across numerous tilted fault blocks. Analysis of one sample (WC-6) yielded a precise age of ca. 39.87 ± 0.08 Ma for the dacite lava flow (Figs. 5 and 6; Tables 1 and 3). The age spectrum from sample WC-6 included complex lower temperature heating steps and a well-defined statistical plateau at higher temperatures. The plateau age is interpreted to record the eruptive age of the dacite lava. Sample WC-13 yielded a disturbed age spectrum that suggested a low-temperature pattern of argon loss and argon recoil (i.e., loss of 39 Ar) in subsequent heating steps. Argon loss may be due to a low temperature heating event, although its age is uncertain. Argon loss may also have occurred by recoil in sample WC-13 (unit Tdd) based on chloritic alteration of primary biotite phenocrysts, which is apparent in thin section and on X-ray diffraction patterns of the original mineral separate. The true age of sample WC-13 was approached, but not reached by the final high temperature heating step.
Volcanic rocks that overlie the dacite lava flow include a widespread rhyolitic ash-flow tuff (unit Tdr; Figs. 3 and 5) . Samples HOL-4 (sanidine and biotite) were collected from this tuff in Lower Deadman Creek (Fig. 3) where it lay in contact with the underlying dacitic lava flow. Analysis of the biotite separate yielded a disturbed uninterpretable age spectrum (Figs. 5 and 6; Tables 1 and 3 ). However, sanidine separated from the same sample yielded a very well defined Brooks et al. (1995) suggest that volcanic strata there range from ca. 39 to 41 Ma, similar to the sequence exposed in the Windermere Hills.
The youngest strata associated with the calcalkaline sequence in the Windermere Hills consist of locally derived flow breccia. The age spectrum for sample HOL-2 defined a plateau of 39.18 ± 0.12 Ma, consistent with its stratigraphic position above sample HOL-4. These strata are interbedded with locally derived volcaniclastic strata (unit Tdc) that mark the base of the thick sequence of conglomerate, sandstone, and siltstone that fill a west-tilted half graben. Tables 1 and 3 ). The biotite separate yielded a disturbed age spectrum. We interpret this age spectrum to reflect argon loss in the lowtemperature fractions, whereas the highesttemperature gas fractions appear to approach the true age of the sample. The sanidine separate from the same locality yielded a more precise plateau of 34.79 ± 0.18 Ma, which we interpret to record the age of the air-fall tuff bed. Although chemical analysis was not completed for this tuff bed, it is the same age as strata erupted from the Oligocene Indian Wells volcanic center located ~140 km southwest of the Windermere Hills (e.g., Solomon et al., 1979) and thus may have been derived from this area. This tuff limits the age of units Tdsa and Tdsi, which are widespread lacustrine sediments deposited in an west-tilted half graben.
Fission-Track Analyses
Fission-track dating of five vitric air-fall tuff beds in unit Tha from two separate west-tilted half grabens (NPAZ suite) were completed to determine the age of lacustrine sediments in the Pequop and Holborn Siding sections ( Fig. 3 ; Table  4 ). These strata overlie conglomerate of unit Thc across an angular unconformity exposed at the northwest corner of the Pequop Mountains (see Mueller, 1993 , for detailed mapping at this location; Figs. 3, 6, and 7; Table 1 ). Dating of these strata define an upper bound for the age of the underlying conglomerates of unit Thc as well as the timing of subsidence in the half grabens filled by unit Tha. Table 4 . Three fission-track analyses were completed for rocks from the Holborn Siding section (NPAZ-3, NPAZ-2, and NPAZ-5; Figs. 5 and 7; Tables 1 and 3), while two others were completed for the Pequop Siding section (NPAZ-4 and NPAZ-1). Samples NPAZ-3 and NPAZ-5 were collected from vitric air-fall tuff beds containing accretionary lapilli and upward-fining ash couplets, which are interpreted as unreworked deposits. NPAZ-4 and NPAZ-2 were sampled from parallel-bedded vitric ash, which did not display sedimentary bedforms such as cross-beds, channels or ripple marks. NPAZ-1 is from a reworked ash bed that displays large trough cross-beds interpreted to be of eolian origin. Although this sample does not represent the true age of the deposit, it was dated in an effort to constrain the maximum age of the youngest basin fill in the Pequop Siding section (Figs. 3, 4 , 5, and 7; Tables 1 and 3) . (Fig. 3) . These strata were also chemically analyzed for correlation with other fallout tuffs that are dated in nearby basins (Table 4 ; Perkins et al., 1995 Perkins et al., , 1998 . Tephra correlation ages are shown in brackets for the NPAZ samples that were not reworked. Tables 1 and 3 ). An air-fall tuff sampled at the base of the Pequop Siding section yielded an age of ca. 12.92 ± 1.5 Ma (sample NPAZ-4; Tables 1 and 3) ; while the reworked sample exposed high in the preserved stratigraphic section was dated at ca. 11.29 ± 1.1 Ma (sample NPAZ-1; Tables 1 and 3 ). Single crystal zircon ages from sample NPAZ-1 range from 8.8 ± 2.2 to 14.34 ± 4.6 Ma, suggesting that the approximate age of the deposit may be about 9 ± 2 Ma (Fig. 7) . Fission-track ages from the Holborn Siding section (Fig. 5) , which is ~3 km thick, range from 9.49 ± 1.0 to 11.92 ± 1.3 Ma. These age determinations decrease downsection within the limits set by the error analysis, in apparent contradiction with the known geometry of the basin based on proprietary seismic reflection profiles. We suspect that the fission-track age determination for sample NPAZ-3 may have been caused by inadequate etching of zircon grains during preparation of the sample mount. For this reason, the NPAZ suite of air-fall tuff samples in the Holborn and Pequop Siding sections was chemically analyzed for comparison with other tightly constrained tephra in similarly aged sections in northern Nevada (Perkins et al., 1995 (Perkins et al., , 1998 in order to better constrain their age. Results of the tephra correlations outlined in the following confirm that the fission-track age determination for sample NPAZ-3 (recovered from the base of the section in the Holborn Siding half graben) is younger than its true age.
Six other fission-track age determinations were completed on detrital zircon grains separated from tuffaceous sandstone interbedded in unit Thsi (WC suite, Hunter Draw section in Fig. 5 ; Tables 1 and 3) . Fission-track dating of zircons in unit Thsi suggest a complex source region of variably aged Tertiary deposits (Fig. 7) , indicated by the wide range of single crystal ages from samples recovered from nearly the same stratigraphic interval (Fig. 5) . The 53 single crystal zircon ages range from ca. 7-49 Ma with a strong maximum at 14-16 Ma and two lesser maxima at 10-12 Ma and 20 Ma (Fig. 7) . We therefore interpret the age of the Thsi deposits to be less than 7.4 ± 2.0 Ma or younger, based on the youngest and most tightly constrained zircon date in sample WC-12.
Tephrochronology
Due to the large uncertainties inherent in the fission-track analyses, we analyzed glass shards from the NPAZ suite of samples and compared these analyses (Table 2 ) with those of tephra in dated, middle to late Miocene sections in the northern Basin and Range (Izett, 1981; Perkins et al., 1995) . Electron microprobe analyses of individual glass shards and XRF analyses of bulk glass shard separates were done following methods discussed by Perkins et al. (1995) . Comparisons of the NPAZ analyses with other analyses in the University of Utah data base were carried out using the methods discussed by Perkins et al. (1998) . The results strongly indicate that the Humboldt Formation in the Windermere Hills area is correlative with the type section of the Humboldt Formation along Huntington Creek south of Elko, Nevada, as defined by Smith and Ketner (1976) and dated as ca. 15.5 Ma to 12.12 Ma (Perkins et al., 1998) .
The NPAZ samples are all fine-grained, reworked or partly reworked gray, vitric fall-out tuffs with a sparse (<1%) phenocryst assemblage dominated by quartz and feldspar. The general appearance, petrographic characteristics, and glass shard composition of the NPAZ samples indicate they are typical, middle to late Miocene Snake River Plain tuffs. Snake River Plain tuffs were generated by explosive eruptions along the track of the Yellowstone hotspot (Perkins et al., 1995) . As discussed by Pierce and Morgan (1992) , the centers of silicic explosive volcanic activity along the Yellowstone hotspot track moved eastward from northwestern Nevada and southeastern Oregon into southwestern Idaho during the period the NPAZ ash beds samples were erupted.
NPAZ-4 is probably the oldest sampled tuff. It is correlated with an ash bed near the base of the Trout Creek Formation in southeastern Oregon. This ash bed, here named the Trout Creek ash bed, likely underlies a basaltic ash bed dated as 13.5 Ma by Evernden and James (1964) and possibly overlies a ca. 15.6 Ma fallout tuff in the Trout Creek Formation. This ca. 15.6 Ma ash bed, the Huntington Creek 1 ash bed of Perkins et al. (1998) , is also present near the base of the Humboldt Formation along Huntington Creek. Glass shards in sample NPAZ-4 have the high concentrations of Fe (2 to 3 wt%) and Ba (1200 to 1500 ppm) that characterize Snake River Plains tuffs erupted between ca. 16 and 15 Ma. We tentatively assign an age of ca. 15.5 to 15.0 Ma to sample NPAZ-4 based on its glass composition and stratigraphic relationships with the dated ash beds in the Trout Creek Formation.
The next youngest tuff is NPAZ-3. This tuff is correlated to a dated tuff in the Sucker Creek Formation of east-central Oregon-the 14.93 ± 0.08 Ma Obliterator ash bed of Downing and Swisher (1993) . The Obliterator ash is also present in the Stewart Valley area of west-central Nevada and in the type section of the Humboldt Formation along Huntington Creek. As discussed by Perkins et al. (1998) , stratigraphic relationships suggest that an age of ca. 14.7 Ma may be a better age estimate for the Obliterator ash bed, but this younger age estimate is not significant in terms of the stratigraphic order of the NPAZ samples. We consider the chemical correlation of sample NPAZ-3 to be a better indication of its true age, in comparison with the fission-track date that is inconsistent with other dated samples collected from stratigraphically higher parts of the basin.
The next youngest tuff is NPAZ-2. Sample NPAZ-2 is quite similar to a 13.74 Ma ash bed (sample tc90-40) dated by Perkins et al. (1995) . However, small but measurable differences in the glass shard composition between these two samples precludes a definitive correlation using available analyses. NPAZ-2 is a typical group D type Snake River Plain tuff (Perkins et al., 1995) . Since all but a few of the group D tuffs were erupted during the period 14.2 to 12.7 Ma, it is likely that NPAZ-2 was also erupted during this time interval.
The youngest tuff is NPAZ-5. We correlate NPAZ-5 with the Cougar Point Tuff V ash bed. The V ash bed is the basal fallout tuff associated with the eruption of unit V of the Cougar Point welded tuff (Perkins et al., 1998) . Perkins et al. (1995) reported an interpolation age estimate of 12.0 ± 0.2 Ma for the V ash bed. A newly determined 40 Ar/ 39 Ar laser-fusion age for this ash bed is 12.12 ± 0.05 Ma (Perkins et al., 1998) . The V ash bed is identified throughout the northern Basin and Range (Perkins et al., 1998) and is present near the top of the Humboldt Formation type section.
Mammalian Age Information
Mammalian fossils have been discovered along the northwestern margin of the Pequop Mountains at the base of the Holborn Siding section. Large pieces of bone material found at the site were not readily identifiable due to poor surface preservation. However, the size of the bone fragments and their internal structure suggest they are the remains of a proboscidean, or early elephant, and are either Gomphotheriidae or Mammutidae ( Fig. 7 ; Barstovian to Rancholabrean age; J. H. Hutchison, 1988, personal commun.) . Other better preserved bone material included a carpal (lunar) bone of a rhinoceros. The size of the specimen and its internal morphology suggest it was derived from the genus Teleoceras (Barstovian to Hemphillian age-5-16 Ma; J. H. Hutchison, 1988, written commun.) . Evidence from the bone materials recovered from this locality is consistent with the results of the chemical analysis and tephra correlation of sample NPAZ-3, which was sampled from the same stratigraphic interval. Mueller and Snoke, 1993) , although it is not associated with any known sedimentary deposits, and therefore the timing of slip along it is not precisely known. The thermochronology of high-grade metamorphic rocks inferred to lie in its footwall has been constrained, however, in the Wood Hills (Thorman and Snee, 1988; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997) .
EXTENSIONAL FAULT SYSTEMS
Wells Peak Fault
The structurally deepest extensional fault system exposed in the Windermere Hills includes an arched, low-angle detachment exposed near Wells Peak (Figs. 3 and 4 ). This fault, named the Wells Peak fault by Mueller and Snoke (1993) , separates limestone of the Permian Gerster Formation in its hanging wall from a footwall of metamorphosed calcite marble, metasandstone, slate, and metaconglomerate (Mueller and Snoke, 1993) . The Wells Peak fault is interpreted as a westrooted detachment, based on the metamorphic grade of strata exposed in its footwall, which increases westward.
Metamorphosed Paleozoic strata exposed in the Wood Hills that are continuous with highgrade rocks in the footwall of the Wells Peak fault cooled through the muscovite 40 Ar/ 39 Ar blocking temperature of 270-350 °C ca. 50 Ma (Thorman and Snee, 1988) . In addition, decompression and cooling of deeper levels now exposed in the East Humboldt Range have been defined for the same time interval (e.g., McGrew and Snee, 1994) . The Wells Peak fault has been interpreted to have been active ca. 50 Ma or later, based on these data and reconstruction of metamorphic strata (e.g., Mueller and Snoke, 1993) . Available thermochronologic data do not, however, allow slip rates to be determined for the Wells Peak fault. Other evidence for early extension (e.g., Late Cretaceous) in the metamorphic complex is preserved in the central Pequop Mountains (Fig. 1 ; Camilleri and Chamberlain, 1997) as a largedisplacement, west-rooted extensional fault that is unconformably overlain by the calc-alkaline volcanic sequence (Brooks et al., 1995) .
Black Mountain Fault System
Tertiary structures developed at a higher crustal level in the Windermere Hills include an eastrooted, low-angle normal fault system named the Black Mountain fault system (Mueller, 1992; Mueller and Snoke, 1993; Figs. 3 and 4) . The fault system is floored by a basal detachment, which separates a stratigraphic sequence composed of the Permian Murdock Mountain and Gerster Formations, the Triassic Thaynes Formation, and Eocene-Miocene rocks above from Mississippian and older strata below (Figs. 2, 3, and 4) . The basal detachment of the Black Mountain fault is folded into a gently north-plunging antiform-synform shape. Mueller and Snoke (1993) interpreted this fault system to have developed by extensional unroofing of rocks in its hanging wall and subsequent isostatic unloading, similar to other extensional fault systems in the western U.S. Cordillera (e.g., Chamberlin, 1983; Spencer, 1984; Howard and John, 1987; Davis and Lister, 1988) . Hanging-wall thinning is interpreted to occur along tilted arrays of high-angle normal faults that sole into the basal detachment (e.g., Spencer, 1984) .
The timing of thinning in the hanging wall of the Black Mountain fault system is interpreted to be constrained by the age of units Tdc, Tdsa, and Tdsi that range in age from 39.18 ± 0.12 to 34.79 ± 0.18 Ma. These strata are conformable at their contacts with underlying late Eocene strata of unit Tdd. We interpret the alluvial fan and lacustrine strata that immediately overlie unit Tdd to record the earliest extensional basins rotated within the upper crust in the northern part of the metamorphic complex. The basal detachment of the Black Mountain fault is offset by high-angle normal faults that bound strata of middle Miocene age, implying cessation of slip on this fault system by that time.
The rate of sediment accumulation for the stratigraphic section that includes the upper portion of unit Tdc, all of unit Tdsa, and the lower part of Tdsi is about 0.11 mm/yr, based on 40 Ar/ 39 Ar age determinations from samples HOL-2 and WC-15, and the thickness of these strata measured along the north wall of lower Medicine Creek. We suggest this is also an indication of the minimum rate of slip on the east-dipping normal fault that bounds this stratigraphic sequence. The rate of slip on the detachment must be higher because displacement across it is the sum of all normal faults that accommodate thinning in its hanging wall (e.g., Spencer, 1984) .
Holborn Fault
An east-striking zone of north-dipping normal faults exposed north of Wells Peak and in the northern Pequop Mountains is here named the Holborn fault. This fault system separates the Windermere Hills into two distinct structural levels (Figs. 3 and 4) that include: (1) a northern area in which the upper and intermediate structural levels in the Windermere Hills are exposed, defined by unmetamorphosed rocks and the eastrooted Black Mountain fault system, and (2) a southern region in which the intermediate and deeper structural levels, defined by upper greenschist facies metamorphic rocks and the Wells Peak fault system, are exposed.
The Holborn fault comprises one or two major strands that offset both the Black Mountain and Wells Peak fault systems (Mueller, 1992) . In the northern Pequop Mountains, the Holborn fault bounds a south-tilted half graben, filled with ~1 km of fluvial and lacustrine sediments of the lower Humboldt formation (Figs. 3 and 4) .
Rocks (Downing and Swisher, 1993) .
The subsurface geometry of the Holborn fault is not well constrained. Near Wells Peak the fault has a low dip of 20°N, determined from three point calculations using the mapped fault trace and topography. The Holborn fault is not penetrated by the Sun-Southern Pacific No. 1 well in the northern Pequop Mountains located farther east (Garside et al., 1988) . Here it dips at least 55°-60° to the north (Figs. 3 and 4) .
Bedding attitudes in unit Tdsi and Thc in the northern Pequop Mountains record a southwestplunging fold hinge that mimics the trace of the Holborn fault (Mueller, 1993; Fig. 3 ). The fold is unconformably overlain by younger strata deposited in an adjacent basin filled with unit Tha. We interpret the fold as forming by flexure in the hanging wall of the Holborn fault, where previously west-tilted strata of unit Tdsi were rotated about a horizontal east-west axis. This geometry may suggest that the Holborn fault flattens at depth based on comparison with other better imaged half grabens developed above extensional faults in the Basin and Range (e.g., White et al., 1986; Groshong, 1989) .
High-Angle Listric Normal Faults
Steeply east-dipping normal faults exposed in the Windermere Hills offset the Wells Peak, Black Mountain, and Holborn normal fault systems. In the southwestern part of the study area, the steeply dipping faults repeat the Wells Peak MUELLER ET AL. fault such that it is exposed in both the Wells Peak area and northern Pequop Mountains (Figs. 3 and  4) . Another steeply east-dipping normal fault is exposed along the crest of the Windermere Hills (Fig. 3) , where it repeats the basal detachment in the Black Mountain fault system (Fig. 4) . These faults have a listric normal geometry, imaged on proprietary seismic reflection profiles. A major east-dipping, high-angle normal fault located along the easternmost exposures of the Triassic Thaynes Formation in the eastern Windermere Hills contains a deep Tertiary basin in its hanging wall. This basin, named Toano basin, is defined by gravity data (Erwin, 1980) and by oil wells (Garside et al., 1988) that penetrate the more than 3 km of Tertiary strata deposited in it.
One of the steeply east-dipping high-angle normal faults exposed in the eastern Windermere Hills and in Independence Valley bounds a 2400-m-thick sequence of upper Humboldt Formation (unit Tha) dated as between 12.12 ± 0.05 and 14.93 ± 0.08 Ma (Figs. 3, 4 , and 5). The thick sequence of upper Humboldt formation unconformably overlies the Holborn fault and strata deposited in the north-tilted half graben (unit Thc). We infer these ages to record the early timing of slip on the steeply east-dipping fault. The thickness of unit Tha and ages determined from airfall tuffs at the base and top of the section yield a rate of sediment accumulation of 0.85 mm/yr, which we interpret as the rate of slip on the eastdipping normal fault during the interval defined by the age dates.
DISCUSSION
Structures exposed in the Windermere Hills and northern Pequop Mountains indicate a complex, protracted history of Tertiary extension in the northern Ruby-East Humboldt metamorphic complex that varies in style and magnitude. Importantly, no single extensional fault system is responsible for thinning at this level in the metamorphic complex. Rather, deep-seated rocks were exhumed over a protracted period of time by at least four major fault systems. The extensional history of the Windermere Hills can be related to its location in the North American Cordillera near the Snake River Plain and Ruby-East Humboldt metamorphic complex. Evidence for the earliest extension in the Windermere Hills is defined by the cooling history of metamorphic rocks in the footwall of the Wells Peak fault, which may have been active ca. 50 Ma as part of a west-rooted extensional fault system (Mueller and Snoke, 1993) .
Late Eocene to early Oligocene intermediate to silicic volcanism occurred between 40.38 ± 0.06 and 39.18 ± 0.12 Ma in the Windermere Hills. This episode of calc-alkaline magmatism developed over a broad area of northeast Nevada (Brooks et al., 1995) and immediately preceded the onset of subsidence in an elongate half graben between 34.79 ± 0.18 Ma and 39.18 ± 0.12 Ma in the study area. This half graben is filled with at least 500 m of siliciclastic and carbonate sediments that do not appear to be associated with a caldera or constructional volcanoes. We consider the Oligocene strata to be correlative with coarse-grained sediments of similar age (e.g., Snoke et al., 1983; Good et al., 1995) exposed along the flank of the Mary's River Valley, which are also interpreted to have been deposited in extensional basins.
The Oligocene half graben exposed in the Windermere Hills is interpreted to have been filled during extension in the hanging wall of the Black Mountain fault system, an east-rooted detachment formed in the upper 8-10 km of crust, as indicated by reconstruction of Paleozoic and Mesozoic strata and conodont alteration indices (Mueller and Snoke, 1993; Figs. 2, 3, and 4) . The style of extensional thinning exemplified by the Black Mountain fault system (e.g., a low-angle detachment overlain by rotated arrays of highangle faults) is a characteristic aspect of Oligocene extension in the northern metamorphic complex (Mueller and Snoke, 1993 ) that can be related to a change in plate motion at ca. 40 Ma (Coney, 1978) and increased heat flow illustrated by the ignimbrite flareup (Lipman et al., 1972; Brooks et al., 1995) .
A subsequent extensional episode is inferred by the north-dipping Holborn fault, which offsets both the Black Mountain and Wells Peak fault systems. This fault bounds the northernmost exposures of highly exhumed rocks in the metamorphic complex. The age of the half graben formed in the hanging wall of the Holborn fault is poorly constrained, but available data suggest it was infilled after ca. 34.79 ± 0.18 Ma and before 14.93 ± 0.08 Ma. The orientation of the Holborn fault system and its age, however, clearly separate it from other better documented episodes of east-west extension.
Significant exhumation of high-grade rocks in the core of the metamorphic complex coincides with the currently constrained timing of slip on the Holborn fault (McGrew and Snee, 1994; MacCready et al., 1997) . For the East Humboldt Range, upper amphibolite grade rocks were cooled through the apatite fission-track annealing temperature (~100 °C) by 23 Ma (Dokka et al., 1986) . Other evidence for cooling of high-grade rocks in the core includes basalt dikes with sharp wall-rock contacts that were emplaced by 14-17 Ma (McGrew and Snee, 1994) .
Available age constraints therefore permit the interpretation that north-south thinning accommodated by the Holborn fault may have occurred at the same time, or after exhumation of high-grade rocks beneath the plastic, westnorthwest-directed mylonitic shear zone (e.g., McGrew and Snee, 1994) . We suggest two possible mechanisms for the Holborn fault; these are (1) differential uplift of greenschist-grade rocks along the northern margin of the metamorphic complex coeval with unroofing of higher grade rocks beneath the mylonitic shear zone (which is here a north-dipping lateral ramp), or (2) gravitational spreading across an abrupt gradient in crustal thickness, after unroofing of high-grade rocks in the core had occurred. We consider both these processes to be limited to the margin of the metamorphic complex where an abrupt change in crustal thickness was produced by exhumation of high-grade rocks in the footwall of the mylonitic shear zone and Mary's River fault system (Mueller and Snoke, 1993) . The Holborn fault therefore does not reflect regional changes in plate motions, or the development of major volcanic centers.
The most recent extension in the Windermere Hills is expressed as middle Miocene listric normal faults that overprint older extensional structures and carry >3-km-deep half grabens in their hanging walls. These signal a fundamental change in regionally distributed extension from largedisplacement Oligocene low-angle normal fault systems to steeper normal faults (e.g., Zoback et al., 1981) . Half-graben development associated with this event is closely bracketed as starting at 14.93 ± 0.08 Ma in the Windermere Hills and continuing until ca. 7 ± 2 Ma or younger. Half grabens associated with the listric normal faults are filled with thick sequences of unreworked, vitric fallout tuffs (e.g., Holborn and Pequop sections; Fig. 5 ; Perkins et al., 1998) , which were derived from the Miocene McDermitt, Owyhee-Humboldt, and Bruneau-Jarbidge eruptive centers located in southeastern Oregon, southwestern Idaho, and north-central Nevada.
We interpret the high-angle normal faults to record the initiation of extensional stresses localized around the southeastern margin of a laterally spreading mantle plume whose track is now defined by the Snake River Plain, Yellowstone hotspot, and Intermountain seismic belt. In this model, middle Miocene extension in the northern Basin and Range province is associated with initiation of the mantle plume, which moved eastward from northwestern Nevada and southeastern Oregon into southwestern Idaho. In the Windermere Hills, dating and chemical correlation of vitric ash-fall deposits in the Holborn and Pequop Siding sections suggests that extension associated with the plume head was located 200 km away from the rhyolitic calderas that produced the deposits. Middle Miocene extension in the Windermere Hills is probably related to the initiation of the mantle plume head, which WINDERMERE HILLS, NORTHEAST NEVADA has been interpreted to have its most widespread effects when it was first formed (e.g., Pierce and Morgan, 1992) .
Younger deposits of tuffaceous sandstone, dated by using the fission-track method on detrital zircon grains in the Hunter Draw area, suggest additional development of extensional basins in the eastern Windermere Hills. Available age constraints do not allow the rate of sedimentation to be accurately determined for the late Miocene deposits. These strata, however, fill much shallower basins than middle Miocene deposits (~250 m vs. 2800 m), which may reflect a decrease in rates of slip on the listric normal faults that bound the deposits. This is consistent with either the location of the Windermere Hills in the "wake" of the late Miocene position of the hotspot (e.g., the 6.5 Ma Picabo volcanic field), or the interpretation that the mantle plume developed into a narrow feeder by ca. 10 Ma, rather than an initial bulbous head that affected crust at greater distances from its center between ca. 16 and 10 Ma (Pierce and Morgan, 1992) . 
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APPENDIX 1. SAMPLE PREPARATION AND ANALYTICAL METHODS
For 40 Ar/ 39 Ar dating, 10 kg of material for each sample was processed through a jaw crusher, disc pulverizer, and 60, 80, and 120 mesh sieves: 60 to 80 mesh fractions were concentrated using a Franz magnetic separator, and the heavy liquids bromoform (specific gravity [s.g.] 2.85), methylene iodide (s.g. 3.35) and sodium polytungstate (s.g. variable). Mineral concentrates were hand picked under a binocular microscope to 99.9% purity; 40 mg of picked separates were then analyzed by X-ray diffraction to confirm sample purity and the presence or absence of alteration products. Samples were irradiated in the U.S. Geological Survey TRIGA reactor in Denver (Dalrymple et al., 1981) in a package of Tertiary samples and Minnesota hornblende MMhb-1 (Alexander et al., 1978) used as flux monitors. CaF 2 and K 2 SO 4 were also included to determine conversion factors for Ca and K isotopes. Samples were positioned between flux monitors located <5 mm apart; monitor J values were calculated by using an age of 520.4 Ma for MMhb-1. Sample J values were then calculated by extrapolating between monitor values.
Five kilograms of sample collected for each fissiontrack age determination were processed through a jaw crusher, disc pulverizer, Wilfley table, and 40 and 170 mesh screens. Samples were dried in an oven at 60 °C for 8-12 hr and further separated with bromoform (s. g. = 2.85), a hand magnet, and Franz magnetic separator. Concentrates were washed and cleaned in hydrofluoric acid to remove unwanted mineral grains and clean zircon crystals of any adhered glass. The resulting mineral separates consisted of >99% euhedral zircon grains that were prepared for dating by mounting in a Teflon wafer that was ground and polished. Mounts were etched in a eutectic melt of NaOH and KOH at 230 °C until the tracks were apparent at 1500× magnification. Teflon wafers were then covered with muscovite detectors and placed in a TRIGA reactor tube with two NBS SRM 963 glass standards (e.g., Cerveny, 1990) . Samples were irradiated in the TRIGA reactor at Oregon State University. Upon completion of the irradiation procedure, and a decay period, muscovite detectors were removed from the wafers and etched. Teflon wafers and muscovite detectors were then separated and attached to a glass slide. Zircon separates and dosimetry standards were respectively counted at 1500× and 400× with a 100× oil immersion objective. Neutron dosimetry, age calibration, and counting techniques used in the fission-track studies were outlined by Naeser (1976) .
